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Abstract

Primates might be particularly vulnerable to experience adverse effects from climate

change, given their level of exposure, sensitivity to climatic conditions, and biological

traits associated with extinction proneness (e.g. low dispersal ability). Therefore, a key

question is whether primates will be able to adapt fast enough to keep up with future

climate change. In this study, we used phylogenetic comparative methods to estimate

rates of climatic niche evolution for 293 species of primates. We then compare these

with projected rates of future climate change. We show that for temperature-related

variables, future rates are in general >2,800 times faster than rates of niche evolution

characteristic of their recent evolutionary past. For precipitation-related variables, the

overall difference between rates is >6,700. If emissions continue unabated, differences

between past and future rates can be at least 4,800-fold for temperature-related

variables and >7,900-fold for precipitation. Species occurring in Central South America,

Central and Eastern Africa, Southeast Asia, and the Malay Archipelago are expected to

experience the fastest rates of future climate change, relative to their past rates of

climatic niche evolution. Our results suggest that primate adaptation to future climate

change would require rates of niche evolution unparalleled in the recent history of the

group. These findings reinforce the evidence that climate change is a major threat to

primates worldwide.

Keywords: Ancestral Character States, Adaptation, Climate Change, Extinction, Niche

Evolution, Phylogenetic Comparative Methods
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Introduction

Anthropogenic climate change is already an important source of disturbance for

the processes that structure and maintain biodiversity worldwide. Global mean

temperatures raised ~1 °C since preindustrial times and projections suggest a further

increase of at least 1.5 °C by 2100, even under high mitigation scenarios (IPCC 2014).

Precipitation and wind regimes are also becoming more variable, increasing both the

frequency and intensity of extreme climatic events (Coumou and Rahmstorf 2012; IPCC

2014). Such ongoing changes in climatic conditions are already triggering numerous

responses in all levels of biodiversity, from organisms to ecosystems (Bellard et al. 2012;

Lenoir et al. 2020; Pecl et al. 2017; Poloczanska et al. 2016). Although it is widely

accepted that climate change will affect biodiversity globally, some taxa are likely to

experience more pronounced impacts than others. This is the case of primates (Estrada

et al. 2017; Korstjens and Hillyer 2016; Meyer 2017).

The higher vulnerability of primates to climate change has several causes. Firstly,

most primate species will be exposed to conditions beyond their current thermal

amplitudes. For instance, evidence from studies using ecological niche modeling suggest

that many species will lose climatically suitable habitats from the middle of the present

century onward (Brown and Yoder 2015; Hill and Winder 2019; Meyer et al. 2014; Sales

et al. 2020). Furthermore, a global-scale analysis with >400 primate species revealed

that the group, as a whole, might experience more warming than the global average

(Graham et al. 2016). It is also important to note that most primate taxa inhabit tropical

biomes, which are disproportionately sensitive to climate change (Newbold et al. 2020).

Tropical regions are also projected to have more species exposed to temperatures

beyond their realized niche limits when compared to other regions (Trisos et al. 2020),
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and forest-dwelling primates are more likely to experience those unprecedented

conditions (Carvalho et al. 2019; Stewart et al. 2020). Indeed, a recent study revealed

that primates are among the mammals with the highest proportion of species predicted

to have experienced adverse effects from recent climatic changes (Pacifici et al. 2017).

Synergistic effects with other threats, such as land-use change, disease transmission,

and hunting may exacerbate the vulnerability of the group, which could amplify

population declines (Barrett et al. 2013; Carvalho et al. 2019; Gouveia et al. 2016).

Another important dimension of species vulnerability is their sensitivity to

changes in climatic conditions (i.e. the extent to which performance, persistence, fitness,

and survival is dependent on prevalent climates; Dawson et al. 2011). Primate

populations can be sensitive to climatic stress in many forms (Kamilar and Beaudrot

2018). For example, mechanistic models show that warmer temperatures might

increase the metabolic rates of mouse lemurs (genusMicrocebus), enhancing energetic

costs and affecting important processes such as reproduction and growth (Lovegrove et

al. 2014). In hibernating lemurs (e.g. Cheirogaleus), warmer temperatures can increase

the temperature of the hibernacula, accelerating the depletion of energetic reserves and

hence impacting the condition of animals when they come out of hibernation (Blanco et

al. 2018). Indirect effects are also crucial. For example, climatic fluctuations and extreme

climatic events affect food availability and distribution, leading to changes in behavior,

diet, body size, and fertility rates (Kamilar and Beaudrot 2018; Korstjens and Hillyer

2016; Meyer 2017). Additionally, many primates exhibit life-history and spatial traits

associated with higher extinction risk from climate change, such as large body size, long

generation length, small ranges, or small population size (Pearson et al. 2014). However,

a long-term study with seven primate species found a weak relationship between

climate variability and survival rates for all species, although for three (Brachyteles
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hypoxanthus, Cercopithecus mitis, and Propithecus verreauxi) fertility rates were strongly

associated with climate variables (Campos et al. 2017).

Since most primates will be exposed to future climate change and evidence

suggests that the group is sensitive to this threat, it is critical to evaluate whether

primates will be able to adapt to the forthcoming changes. In general, populations can

cope with climate change by either adapting in situ or dispersing to more suitable

habitats (Bellard et al. 2012; Dawson et al. 2011). Although climate-driven range shifts

are well documented worldwide (Pecl et al. 2017), moving to track suitable climatic

conditions might be challenging for primates. In a recent study with 80 Amazon

primates, Sales et al. (2019) showed that rivers would limit climate-driven dispersal for

~20% of the species analyzed, increasing from 26% to 48% the number of species

predicted to experience climate-related range contractions under a mitigation scenario.

When expected deforestation was included in the models, dispersal was even more

constrained, increasing to 59% the number of species predicted to lose range area. If

carbon emissions and deforestation remain unabated, this number could rise to >80%

(Sales et al. 2019).

Natural anthropogenic barriers may not be the only factors limiting primate

dispersal. As climate changes at accelerating rates, intrinsic dispersal limitations may

also prevent primates from traveling fast enough to track their moving ecological niches

(Sales et al. 2020; Schloss et al. 2012). Consequently, species might be confined to

unsuitable sites, which means that their survival will depend on their ability to adapt in

situ. Therefore, a more comprehensive picture of the extent to which primates are

threatened by climate change depends on evaluating their capacity to adapt to these

changes evolutionarily.
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In this study, we used phylogenetic comparative methods and climate forecasts to

estimate whether rates of climatic niche evolution in primates are faster or slower than

projected climate change. Using a relatively comprehensive phylogeny, we identified

pairs of sister species and reconstructed ancestral character states for six climatic

variables. We then estimated how quickly primate climatic niches evolved since the

speciation event, and compared these results with projected rates of climate change. We

show that rates of climatic niche evolution are much slower than rates of climate

change, even under a scenario of moderate change. These findings suggest that primate

adaptation may depend on rates of climatic niche evolution much faster than those

observed in the recent evolutionary history of the group.

Methods

Climatic, Phylogenetic, and Distribution Data

We extracted current climate data from the WorldClim 2.1 database (Fick and

Hijmans 2017). We selected six climatic variables: annual mean temperature (AMT),

maximum temperature of warmest month (TMAX), minimum temperature of coldest

month (TMIN), temperature seasonality (TSEAS), annual precipitation (AP), and

precipitation seasonality (PSEAS). In addition to being commonly used for describing

climatic niches, these variables were chosen based on their relationship with primate

species richness (e.g. AP; Wang et al. 2013), structure of primate communities (e.g. AP,

PSEAS, and TSEAS; Kamilar 2009; Kamilar et al. 2014), geographical distribution of

mammals (e.g. TMIN; Olalla-Tárraga et al. 2011), and extinction risk from climate change
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(e.g. TMAX; Román-Palacios and Wiens 2020). Moreover, TMAX, TSEAS, and PSEAS are

variables associated with extreme climatic events such as heat waves and droughts,

which are an important component of primate vulnerability to climate change (Zhang et

al. 2019).

We obtained future climate data for 2081-2100 from 8 global climate models

developed for the Coupled Model Intercomparison Project 6 (CMIP6; Eyring et al. 2016):

BCC-CSM2-MR, CNRM-CM6-1, CNRM-ESM2-1, CanESM5, IPSL-CM6A-LR, MIROC-ES2L,

MIROC6, MRI-ESM2-0. We analyzed two shared socio-economic pathways, a moderate

mitigation (SSP245) and a high-emissions scenario (SSP585). We then calculated the

mean of estimates across all models and used these values in the subsequent analyses.

Current and future climate variables have a spatial resolution of 2.5 arc minutes (~5

km² at the equator).

Phylogenetic data were obtained from PHYLACINE version 1.2.1 (Faurby et al.

2018). PHYLACINE is a macroecological database which provides phylogenetic,

distribution, and trait data for mammals. Their time-calibrated phylogeny is based on a

heuristic-hierarchical Bayesian approach and includes >5800 taxa. However, we only

considered the phylogeny for which genetic data was available for all species and

topological placement was unambiguously based on taxonomical information.

Importantly, PHYLACINE provides the posterior distribution of 1000 phylogenetic trees,

allowing users to take into account phylogenetic uncertainty in topology and branch

lengths. Given that our analyses of niche evolution are based on branch lengths, we were

able to incorporate phylogenetic uncertainty in our estimates.

Although PHYLACINE also provides distribution data, we obtained primate

distribution data from the IUCN Red List of Threatened Species version 2020-2 (IUCN,

2020), due to its finer spatial resolution (while IUCN provides distribution data as range
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polygons, PHYLACINE rasterized range maps with a resolution of 96.5 km by 96.5 km).

We only considered data from species classified as extant or possibly extant, and the

origin was classified as native or reintroduced. However, for twelve species (Alouatta

seniculus, Callicebus aureipalatii, Callicebus baptista, Cebus aequatorialis, Cebus brunneus,

Cebus capucinus, Cebus cesarae, Cebus malitiosus, Cebus versicolor, Cheirogaleus

minusculus, Piliocolobus temminckii, and Pithecia milleri) distribution data were not

available on the IUCN database. In these cases, we used data from PHYLACINE. We then

summarized the climatic niche of each species by calculating the mean of each variable

across their distribution range. In order to obtain a more complete representation, we

summarized the climatic niche of each species in three ways, by calculating the mean,

the 90% quantile, and the 10% quantile of each variable across their distribution range.

This analysis was performed using the R package RASTER version 3.3-7 (Hijmans 2020)

and the data are provided in Appendix S1.

While WorldClim 2.1 compiles climate data averaged mostly for the 1970-2000

period (Fick and Hijmans 2017), IUCN range maps include regions with current or

recent (within the past 20-30 years) distribution records, as well as areas in which

species are very likely to occur (IUCN 2020). Consequently, there is a slight temporal

mismatch between the climate and geographical data. However, it is important to note

that our estimates of rates of climatic niche evolution are based on interspecific

variation, particularly variation between pairs of sister species (see below). Since most

primates occur in tropical regions, species have recently experienced similar levels of

warming. Therefore, differences between climatic niches of closely related species

would probably remain similar. Moreover, to the best of our knowledge, there is little

evidence that primate species have undergone significant climate-induced range shifts
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in the past few decades. Therefore, we believe such mismatch is unlikely to bias our

estimates.

For some species, there were divergences between the binomial names in the

PHYLACINE and IUCN databases (Appendix S2). In these cases, we followed the IUCN

nomenclature and updated the species names in the phylogenies accordingly. Species

absent from the PHYLACINE database were excluded from the analyses due to the lack

of phylogenetic information. We also excluded data from extinct species, as well as from

humans. Our final dataset included climatic, phylogenetic, and distribution data for 367

species from 15 primate families.

Rates of climatic niche evolution

We estimated rates of climatic niche evolution following Quintero and Wiens

(2013), Cang et al. (2016), and Jezkova and Wiens (2016). Firstly, we fitted four

alternative models of trait evolution for each climatic variable: Brownian motion (BM;

there is a linear accumulation of trait variance over evolutionary time),

Ornstein-Uhlenbeck (OU; stabilizing selection around a single adaptive peak), white

noise (WN; covariance among species due to phylogeny is equal to zero), and lambda

(phylogenetic signal). We then used the Akaike information criterion corrected for small

sample sizes (AICc) to calculate the weighted AICc and identify the best-fitting

likelihood model. Models were fitted using the fitContinuous function in the R package

GEIGER version 2.0.7 (Pennell et al. 2014). In order to incorporate phylogenetic

uncertainty in our results, we repeated all analyses using the posterior distribution of

the first 100 trees from PHYLACINE.
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After identifying the best-fitting model, we reconstructed ancestral character

states for each of the six climate variables across all phylogenies. Given that the

best-fitting models were either OU or lambda (see results), we first applied the rescale

function in GEIGER 2.0.7 to transform the branches of the trees following either an OU

model (using the alpha parameter) or a lambda model (using the lambda parameter)

(Cang et al. 2016; Olsen 2015). We then used the reconstruct function in the R package

APE version 5.4 (Paradis and Schliep 2019) to estimate ancestral character states for

each species, choosing the single stationary peak method when the best-fitting model

was OU, and the generalized least squares method when the best-fitting model was

lambda (Royer-Carenzi and Didier 2016). In order to account for the uncertainty in

ancestral character reconstructions, we also computed the 95% confidence interval for

all estimates and used these values to calculate rates of niche evolution.

Following standard practice, our niche evolution analyses focused only on sister

species, as estimates for distantly related species may be problematic (Cang et al. 2016;

Quintero and Wiens 2013). Furthermore, ancestral reconstructions are more prone to

uncertainty for deeper nodes the phylogeny (Cunningham et al. 1998). To calculate rates

of niche evolution, we took the absolute difference between the current climatic value of

each species and the estimated value of the species pair’s most recent ancestor, and

divided by the age of the species. To summarize the results, we calculated the median of

the estimates of niche evolution for each species across all phylogenies. These analyses

were repeated using both the upper and lower bounds of the 95% confidence interval

around ancestral state estimates. Because of the potential differences in the topology of

the phylogenies, a pair of sister species found in one tree may not be found in other.

However, this is not an issue for our analyses, since we are mainly interested in general
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patterns within each family. Pairs of sister species retrieved from each phylogenetic tree

are shown in Appendix S3.

Rates of future climate change

To obtain rates of future climate change, we first calculated the mean values of

each climate variable across the current distribution range of each species, for both

emission scenarios (SSP245 and SSP585). Calculations were performed using RASTER

3.3-7. We then calculated future rates of change as the absolute difference between

current and future projections, divided by 105 years, which is the difference between

2090 (midpoint of 2081-2100) and 1985 (midpoint of 1970-2000). Again, we calculated

the median of the estimates of future rates of climate change for all species within each

family, using both emission scenarios.

To identify in which regions species may be at greater risk, we spatially mapped

the geographical distribution of rates of climatic niche evolution and rates of future

climate change. In order to obtain a general overview of rate variation, we merged the

results obtained for all climatic variables into a single bivariate map. To this end, we first

combined past and future rates estimated for each species into one dataset and

transformed these values into z-scores. This transformation is important because

variables differ in their units of measurement. We then assigned the transformed values

to the range map of each species, overlaid all range maps, and calculated the mean value

for each grid cell in the map. To obtain the final maps, we again overlaid the maps

generated for each variable, and calculated the mean for each grid cell. We then

classified the continuous rates into three categories using Jenks optimization method

(Jenks 1967). This analysis was carried out using the mean value to summarize species
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niches, since it represents an intermediate level of change (see Figs. 1-2). Maps were

generated using the R package BISCALE 0.2.0 (Prener et al. 2020).

Given the wide variation between past rates of climatic niche evolution and

future rates of climate change (Table 1), we log10-transformed the rates prior to all

graphical analyses. All analyses were carried out in R version 4.0.2 (R Core Team 2020).

Data availability

All data used in this study are accessible through public databases described in

the Methods section. All results obtained are included in this published article (and its

online supplementary information). The R codes used in the analyses are available from

the corresponding author on reasonable request.

Results

The evolutionary models that best described the climatic niche evolution in our

data set were either OU or lambda. For temperature-related variables, OU was usually

the best-fitting model of evolution. Conversely, for precipitation-related variables,

lambda was the best-fitting model for all phylogenies. Values of AICc and weighted AICc

used to select the best-fitting models are provided in Appendices S4 and S5, respectively.

We obtained rate estimates for 293 species across all 15 families. We find that for

all species, rates of climatic niche evolution were much slower than rates of future

climate change (Figs. 1-2 and Table 1). Overall, differences between rates were more

pronounced for AMT, TMAX, and TMIN (Fig. 1). Variation in rates of evolution within

families were generally greater than between families. Overall, past rates of niche
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evolution tended to be similar regardless of the way we measured the niche of the

species (i.e. mean, 10% quantile or 90% quantile; Figs. 1-2). However, future rates

tended to be faster for the lower boundaries of the niche, and slower for the upper

boundaries (Figs. 1-2). These patterns were very similar when rates were estimated

using either the upper or lower bounds of the 95% confidence interval around ancestral

state estimates (Appendices S6 and S7). Full results are provided in Appendices S8-S13.

In order to provide an overall picture of the difference between past and future

rates for each variable, we treated the results obtained across all methods as a single

dataset. We then calculated the median estimated rate of niche evolution for each

variable, as well as the projected rate of climate change relative to rates of niche

evolution among species. These results are presented in Table 1. Individual results for

each method used to summarize climatic niches and reconstruct ancestral characters

are presented in Appendices S14-S16. For temperature-related variables, the median

rate of climatic niche evolution varied between 0.7-1.7 °C Myr-1. Rates of niche evolution

were faster for TMIN and slower for TMAX (Table 1). For the moderate emission

scenario (SSP245), the variable that showed the smaller difference between past and

future rates was TSEAS, with the expected rates of change being approximately 2,800

times faster than rates of niche evolution. On the other hand, TMAX showed the highest

difference (future rates roughly 38,000 times faster than past rates). Under the high

emission scenario, the discrepancy is higher for all variables, varying between ~4,800

times (TSEAS) to ~71,500 times (TMAX). However, substantial deviations from the

median were observed (Table 1), reflecting the strong variation in rates within families.

Figure 3 shows how rates of climatic niche evolution are distributed across one of

the phylogenies used in this study. In general, rates are relatively equally distributed,

with most species presenting low to moderate rates for all variables, except for PSEAS.
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Considering all variables, only a few species show disproportionately fast rates. These

are mostly concentrated in the parvorder Catarrhini, especially in the family

Cercopithecidae. However, even for these species past rates are much slower than future

rates (Figs. 1-2, Appendices S7-S12). The magnitude of rates observed for precipitation

and temperature-related variables seem to be decoupled. In other words, evolutionary

change can be fast for temperature but slow for precipitation, and vice-versa. However,

the substantial variation in rates observed within families (Figs. 1-2, Table 1) indicates

that these results are influenced by both tree topology and branch length, highlighting

the importance of considering phylogenetic uncertainty.

The bivariate map (Fig. 4) shows that past rates are comparatively faster in most

of South and Southeast Asia, North and South Sub-Saharan Africa, Northeast and

Southeast South America, and some scattered areas in Amazonia and the Malay

Archipelago. On the other hand, future rates are faster in most parts of the Americas

(especially in Central South America), Southeast Asia, most of the Malay Archipelago,

and throughout Africa, especially in central and eastern regions.

Discussion

Growing evidence suggests that primates might be particularly vulnerable to

future climate change, given their life-history traits, exposure, and sensitivity to climatic

conditions. Therefore, a critical question is whether they can evolutionarily adapt to

projected changes. In this study, we estimate rates of climatic niche evolution among

primate species and compare these with rates of climate change expected by the end of

the century. We find that rates of climatic niche evolution are invariably much slower

than rates of future climate change. Even under a moderate scenario (SSP245), past and
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future rates differ by at least 2,800-fold for temperature-related variables and

6,700-fold for precipitation-related variables. Results were similar for all 15 families

analyzed, indicating that primates, as a whole, are likely to experience negative effects

from climate change. Species occurring in Central South America, Central and Eastern

Africa, Southeast Asia, and the Malay Archipelago will experience the fastest rates of

future climate change. Overall, these findings suggest that primate adaptation to future

climate change may require rates without parallel in the recent evolutionary history of

the group. Despite having important implications for primate vulnerability, we

emphasize that these results should be interpreted taking into account the assumptions

and caveats of our analyses.

Our findings are in agreement with a growing body of evidence that shows that

species are able to adapt in situ to ongoing climate change. For instance, climate-related

range shifts are already widespread across taxa and ecosystems (Gottfried et al. 2012;

Lenoir and Svenning 2015; Pecl et al. 2017; Poloczanska et al. 2016). Population

declines due to climate change are also increasingly documented (Iknayan and

Beissinger 2018; Martay et al. 2017; Soroye et al. 2020), as well as local extinctions

(Wiens 2016). Such extinctions were usually associated with changes in TMAX

(Román-Palacios and Wiens 2020), the variable with the highest difference between

past and future rates (Table 1). Therefore, it is safe to speculate that many species are

already failing to adapt in situ, even though recent changes have occurred at a slower

rate than that expected for the next decades. Worryingly, even populations showing

adaptive responses to climate change may not be able to persist given the fast pace of

changes underway (Radchuk et al. 2019).

The results presented here are also consistent with earlier studies that

investigated climatic niche evolution in primates and other vertebrates. A similar
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analysis with 540 vertebrate species showed that the mean rate of climatic niche

evolution for annual mean temperature was 1.34 °C Myr-1 (Quintero and Wiens 2013).

For primates, estimated median rate varied between 0.9 ±0.9 °C Myr-1 (Table 1). These

slightly slower rates were also observed in other tropical species (Jezkova and Wiens

2016; Lawson and Weir 2014), and might be explainned by the narrow historical

variability of tropical climates (Mora et al. 2013) and the reduced temperature niche

breadth observed in low latitudes (Vázquez and Stevens 2004). A study with NewWorld

monkeys (Platyrrhini) demonstrated that different climatic niche axes exhibit

heterogenous patterns of niche evolution (Duran et al. 2013). Accordingly, we show that

rates of climatic niche evolution vary across variables, especially when we compare the

magnitute of rates in temperature-related variables (Table 1, Fig. 3). Duran and Pie

(2015) showed that shifts in rates of climatic niche evolution are more frequent in

Catarrhini. These results match our findings that most of the species with

disproportionately fast rates are Catarrhini primates.

However, it is important to emphasize that one cannot draw final conclusions

about the fate of primates based solely on our analyses, as species can avoid or mitigate

negative effects through mechanisms other than niche evolution (Bellard et al. 2012).

For example, evidence that primates may not be able to shift their distributions fast

enough to track moving climates come mainly from studies with NewWorld monkeys

(e.g. Sales et al. 2020; Schloss et al. 2012). However, most NewWorld monkeys are fully

arboreal species (MCabe 2017), and therefore exhibit a low capacity to cross

biogeographical barriers or move through human-altered landscapes. Consequently,

range shifts might still be an alternative for semiarboreal or terrestrial primates,

although this hypothesis remains untested. Physiological and behavioral plasticity may

also play an important role in climate change adaptation (Lavergne et al. 2010; van
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Schaik 2013), yet little is known about the extent to which mammals could adapt

through these mechanisms (Boutin and Lane 2014). The lack of a clear relationship

between climate variability and primate survival rates also suggests that fluctuating

climatic conditions could be buffered by some species (Campos et al. 2017). However,

fertility rates can still be strongly impacted by climatic changes, especially due to

extreme events such as droughts (Campos et al. 2017; 2020), thus increasing the risk of

climate-related population declines.

Extreme climatic events are also an important driver of change in future rates of

climate change for several primates. A recent analysis showed that 16% and 22% of all

primates are vulnerable to cyclones and droughts, respectively (Zhang et al. 2019), and

these numbers may increase as extreme events are predicted to become more frequent

and/or intense. Our results indicate that some of the hotspots of primate vulnerability

to extreme events coincide with areas in which future rates of future climate change will

be disproportionately faster than rates of climatic niche evolution. For example,

cyclone-vulnerable primates are mainly distributed across Mesoamerica , Madagascar,

East and Southeast Asia (Zhang et al. 2019). Drought-vulnerable primates are also found

in Mesoamerica and Madagascar, as well as Central Africa, South and Southeast Asia. In

all of these regions, rates of future rates comparatively faster (Fig. 4). Although some of

variables we used are associated with extreme climate events (e.g. TMAX, TSEAS, and

PSEAS), our predictions may be over conservative for the species and populations

inhabiting these areas.

Finally, our analyses are subject to several caveats that have already been

extensively discussed elsewhere (Jezkova and Wiens 2016; Quintero and Wiens 2013).

We will briefly address some of them here. Firstly, our estimates are based solely on

realized niches, which might result in an incomplete characterization of species’ climatic
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niches. If a species has a broader fundamental niche, rates of future climatic niche

evolution would be slower. However, given the dramatic differences between past and

future rates observed here, it is unclear whether broader fundamental niches would

prevent species from being affected by climate change. Another important caveat is that

we assume that rates of climatic niche evolution are constant over time. We

acknowledge that, for several traits, as evolution can occur rapidly over short periods of

time (Gingerich 2009), so can shifts in climatic niches (Wiens et al. 2019). Yet, rapid

climatic niche shifts may be limited by biotic interactions (Wiens et al. 2019).

Climate-related changes in biotic interactions are an important cause of population

declines and local extinctions (Cahill et al. 2013), and empirical studies demonstrated

that they are related with population declines in primates, especially after extreme

weather events (Campos et al. 2017, 2020; Kamilar and Beaudrot 2018). Therefore, we

believe that this is a reasonable assumption. Finally, local adaptation is also an

important factor, which can increase rates of evolution among populations (Jezkova and

Wiens 2016). However, even if primate populations show faster rates of evolution than

those observed here, it is uncertain whether they will able to keep up with projected

rates of climate change and their synergy with other ongoing threats.
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Figure legends:

Figure 1: Ridgeline plots showing the distribution of estimated rates of climatic niche

evolution and estimated rates of future climate change for 15 primate families. Results

are shown for annual mean temperature, maximum temperature of the warmest month,

and minimum temperature of the coldest month. Estimates are classified according to

the methods used to summarize the climatic niche of each species (i.e. mean, 10%

quantile, and 90% quantile). Darker colors represent rates of future climate change. The

left column shows estimates for the moderate mitigation scenario (SSP245). The right

column shows estimates for the high emissions scenarios (SSP585).

Figure 2. Continuation of Fig. 1 showing results for temperature seasonality, annual

precipitation, and precipitation seasonality.

Figure 3: Median rates of climatic niche evolution for each species next to one of the

phylogenies used to estimate the rates. Rates were estimated for six climatic variables:

annual mean temperature (AMT), maximum temperature of warmest month (TMAX),

minimum temperature of coldest month (TMIN), temperature seasonality (TSEAS),

annual precipitation (AP), and precipitation seasonality (PSEAS). The units on the axes

are given as °C Myr-1 for AMT, TMAX, and TMIN, (standard deviation x 100) °C Myr-1 for

TSEAS, mmMyr-1 for AP, and (coefficient of variation) mmMyr-1 for PSEAS.

Figure 4. The geographical distribution of estimated rates of climatic niche evolution

and estimated rates of future climate change.
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Table 1. Summary of rates of climatic niche evolution estimated for each variable and

both emission scenarios. Rates were obtained for each method used to summarize

climatic niches and reconstruct ancestral characters, and then treated as a single

dataset. Values of climatic niche evolution are based on the median for all species across

all methods. Values of relative rates indicate howmany times higher the projected rate

of climate change is relative to median rate of niche evolution. Corresponding values of

median absolute deviation (MAD) are also presented.

Niche evolution Projected change

Variable Median MAD

Moderate
emission
(SSP245)

MAD
(SSP245
)

High
emission
(SSP585)

MAD
(SSP585
)

AMT 0.9 °C Myr-1 ±0.9 26,532 ±24,038 49,498 ±45,306

TSEAS
59.7 SD x 100
Myr-1 ±51 2,833 ±3,460 4,813 ±5,357

TMAX 0.7 °C Myr-1 ±0.7 37,899 ±34,152 71,555 ±62,970

TMIN 1.7 °C Myr-1 ±1.6 13,991 ±13,728 24,993 ±23,649

AP 194 mmMyr-1
±19
0 10,560 ±11,559 11,682 ±13,196

PSEAS 9.8 CV Myr-1 ±9.5 6,717 ±8,979 7,929 ±9,340



32

Supplementary material:

Appendix S1: Mean, 90 quantile, and 10% quantile climatic niche estimates for all
primates species used in this study.

Appendix S2: Comparison of species names between the PHYLACINE 1.2.1 database

(phylogenetic data) and IUCN 2020-2 (geographic distribution data). In this study, we

followed the nomenclature from the IUCN database.

Appendix S3. List of pairs of sister species used to estimate past rates of climatic niche

evolution.

Appendix S4. Values of Akaike information criterion corrected for small sample sizes

(AICc) used to calculate the weighted AICc for each variable in each phylogenetic tree.

Appendix S5. Values of weighted AICc used identify the best-fitting likelihood model.

Appendix S6. Comparison between estimated rates of climatic niche evolution and

estimated rates of future climate change for 15 primate families. Results are shown for

all variables. Here, niche rates were estimated from the upper bound of the ancestral

character reconstruction 95% confidence interval. Full legend in Figure 1.

Appendix S7. Comparison between estimated rates of climatic niche evolution and

estimated rates of future climate change for 15 primate families. Results are shown for
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all variables. Here, niche rates were estimated from the lower bound of the ancestral

character reconstruction 95% confidence interval. Full legend in Figure 1.

Appendices S8-S13. Full results for all variables.

Appendix S14. Summary of rates of climatic niche evolution estimated for each variable

and the respective relative rates of future climate change. Climatic niches were

estimated using the mean of each variable across the distribution range of the species.

Results are shown for both emission scenarios and also include estimates from the

bounds of the 95% confidence interval. Values of climatic niche evolution are based on

the median for all species. Values of relative rates indicate howmany times higher the

projected rate of climate change is relative to median rate of niche evolution.

Corresponding values of median absolute deviation (MAD) are also presented.

Appendix S15. Summary of rates of climatic niche evolution estimated for each variable

and the respective relative rates of future climate change. Climatic niches were

estimated as the 90% quantile of each variable across the distribution range of the

species. Results are shown for both emission scenarios and also include estimates from

the bounds of the 95% confidence interval. Values of climatic niche evolution are based

on the median for all species. Values of relative rates indicate howmany times higher

the projected rate of climate change is relative to median rate of niche evolution.

Corresponding values of median absolute deviation (MAD) are also presented.

Appendix S16. Summary of rates of climatic niche evolution estimated for each variable

and the respective relative rates of future climate change. Climatic niches were
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estimated as the 10% quantile of each variable across the distribution range of the

species. Results are shown for both emission scenarios and also include estimates from

the bounds of the 95% confidence interval. Values of climatic niche evolution are based

on the median for all species. Values of relative rates indicate howmany times higher

the projected rate of climate change is relative to median rate of niche evolution.

Corresponding values of median absolute deviation (MAD) are also presented.


